1. Introduction {#sec1}
===============

Solar cell is a promising approach for terrestrial and space photovoltaic devices. But the main challenge regarding the performance of silicon solar cell is the reflection losses. When sunlight illuminate the front surface of solar cell, some part of light energy transmitted into the cell and get converted into electrical energy whereas some part reflects from the front surface. In order to reduce the loss due to reflectance on silicon surface, different methods have been used. Light trapping, surface texturing and anti-reflection coatings (ARC) are most widely used to reduce the loss due to reflection \[[@bib1], [@bib2], [@bib3], [@bib4], [@bib5]\] (see [Table 1](#tbl1){ref-type="table"}).Table 1Value of short circuit current, open circuit voltage, fill factor and efficiency at various angles of incidence.Table 1Angle (degree)J~sc~ (mA/m^2^)V~oc~ (Volt)FFη%039.090.67579.6921.021539.080.67579.6921.013039.010.67579.6920.984538.980.67579.6920.966038.470.67479.6420.66

A set of well-designed antireflection coating (ARC) can reduce reflection from more than 30% (for bare silicon) down to less than 2% \[[@bib5], [@bib6]\]. Solar cells operate in wavelength ranging from 300 -- 1200 nm. The ARCs containing single layer can be non-reflective only at single wavelength, generally at the mid of visible spectrum whereas ARCs containing double or more layers are effective over the whole visible spectrum \[[@bib5], [@bib6]\]. Many works have been reported on the antireflection coating with different materials such as SiNx/SiNx by R. Sharma [@bib6], MgF~2~/SiNx by Dhungel et al. [@bib7], SiO~2~/TiO~2~ by Lien et al. [@bib8], Al~2~O~3~/TiO~2~ by Bahrami et al. [@bib9], and MgF~2~/Ti~2~O~3~ by M. Medhat et al. [@bib10].

Generally, efficiency of solar cell is calculated under normal incidence. But from sun rise to sun set, sun light is not always normal to the surface of solar cell. As a result degree of polarization of light changes with change in angle of incidence and this modify the reflective property of ARC. So, oblique incidence should also be considered while designing ARCs to improve the efficiency of solar cell. A very few reports on the oblique incidence of light are available \[[@bib11], [@bib12]\].

In this work an attempt has been made to investigate the effect of angle of incidence of sunlight on the performance of silicon solar cells with DLARC of Si~3~N~4~. The parameters of the silicon solar cell such as short circuit current (I~sc~), external quantum efficiency (EQE), and conversion efficiency are studied at various angles of incidence.

2. Theory {#sec2}
=========

2.1. Theory of antireflection-coating (ARC) {#sec2.1}
-------------------------------------------

Most solar cells are coated with ARC layers to reduce reflection of light on the front surface of cell \[[@bib5], [@bib6], [@bib7]\]. A good ARC is one that improves performance of solar cell by reducing reflection and increasing photocurrent \[[@bib5], [@bib6]\]. A set of well-designed ARCs on the front surface reduce the reflectivity on the front surface of cell from 30% down to less than 2% \[[@bib4], [@bib5]\]. [Fig. 1](#fig1){ref-type="fig"} shows the principle of interference of light in thin film. The light reflected from boundary *a* and *b* interfere destructively and hence transfer energy to the solar cell [@bib5].Fig. 1Reflection at interface between two media.Fig. 1

Various methods are used to calculate the reflectivity of ARCs such as Fresnel formula, Rouard\'s method and transfer matrix method (TMM) \[[@bib6], [@bib10], [@bib11]\]. But, transfer matrix method is the most commonly used as this relates the tangential components of electric and magnetic fields across the boundary of layers \[[@bib11], [@bib13]\]. For single layer system, field components at first boundary *a* are related to those at second boundary *b* by the expressions [@bib13]:$$E_{a} = E_{b}cos\left( \delta \right) + H_{b}\left( {\left( i\ \sin\ \delta \right)/\eta_{1}} \right)$$$$H_{a} = E_{b}\left( i\eta_{1}\ \sin\ \delta \right) + H_{b}\ \cos\ \delta$$

These two equations in matrix form can be expressed as [@bib13]:$$\begin{bmatrix}
E_{a} \\
H_{a} \\
\end{bmatrix} = \begin{bmatrix}
{\cos\ \delta} & \frac{i\ \sin\ \delta}{\eta_{1}} \\
{\eta_{1}\left( i\ \sin\ \delta \right)} & {\cos\ \delta} \\
\end{bmatrix}\begin{bmatrix}
E_{b} \\
H_{b} \\
\end{bmatrix}$$where $\delta = \frac{2\pi n_{1}d_{1}\ \cos\theta_{1}}{\lambda}$ is the phase thickness of film, *d*~*1*~ is the thickness of film, *n*~*1*~ is the refractive index of film, *θ*~*1*~ is the diffraction angle related to the incidence angle *θ*~*o*~ by the Snell\'s law $\left( n_{o}\ \sin\theta_{o} = n_{1}\ \sin\theta_{1} \right)$ and *η*~*1*~ is the optical admittance. For *m* layer coating system, the overall transfer matrix is the product of individual transfer matrices, taken in order in which the light propagates through the multi-layer stake [@bib13]:$$\begin{bmatrix}
{\ B} \\
{\ C} \\
\end{bmatrix} = \left\{ {\prod\limits_{k = 1}^{m}\begin{bmatrix}
{\cos\delta_{k}} & \frac{i\ \sin\delta_{k}}{\eta_{k}} \\
{\eta_{k}i\ \sin\delta_{k}} & {\cos\delta_{k}} \\
\end{bmatrix}} \right\}\begin{bmatrix}
1 \\
\eta_{s} \\
\end{bmatrix}$$where, $\delta_{k} = \frac{2\pi n_{k}d_{k}\ \cos\theta_{k}}{\lambda}$ (*k* = 1, 2, 3.......*m*) is the phase thickness of *k* -- layers and *η*~*s*~ is the admittance of substrate. In case of oblique incidence, the admittance values of *s*-polarization and *p*-polarization are different. Thus for *k* -- layers, they are \[[@bib11], [@bib12], [@bib13]\]:$$\eta_{k} = \left\{ \begin{matrix}
{\ n_{k}\ cos\theta_{k}\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ for\ s - polarization} \\
{\ n_{k}/cos\theta_{k}\ \ \ \ \ \ \ \ \ \ \ \ \ \ for\ p - polarization\ } \\
\end{matrix} \right.$$where $\theta_{k}$ can be obtained by the snell\'s law$$n_{o}\ \sin\theta_{o} = n_{k}\ \sin\theta_{k\ \ };\ k = 1,\ 2,\ 3\ldots\ldots.m$$

The expression $\gamma = C/B$ is the admittance for combination of multi-layer coating system \[[@bib12], [@bib13]\]. Thus, the reflectance for thin film system is$$R = \left| \frac{1 - \frac{\gamma}{\eta_{o}}}{1 + \frac{\gamma}{\eta_{o}}} \right|^{2}$$

For *R*~*s*~ component, *γ* and *η*~*o*~ in above equation should be replaced by *γ*~*s*~ and *η*~*os*~ while for *R*~*p*~ component, the corresponding *γ, η*~*o*~ should be replaced by *γ*~*p*~*, η*~*op*~. The total reflectance *R* is the average of *s* and *p* components:$$R = \frac{R_{s} + R_{p}}{2}$$

3. Design {#sec3}
=========

PC1D (mod 6.2) simulator is used to study the electrical and optical parameters of silicon solar cell. PC1D contains standard parameters which are used during simulation of solar cell. PC1D has two files "one-sun.exe" and "scan-qe.exe". The file "one-sun.exe" gives short circuit current, maximum power and open circuit voltage while "scan-qe.exe" gives reflectance, internal quantum efficiency and external quantum efficiency verses wavelength. PC1D also has option to incorporate reflectance as an external file under "Front Reflectance", which provides opportunity to include desired reflectance file. PC1D based simulation model of silicon solar cell is presented in [Fig. 2](#fig2){ref-type="fig"}. Si~3~N~4~ is used as antireflection coating with refractive index (and thickness) of top layer 1.8 (83.3 nm) and of bottom layer 2.99 (50.2 nm) [@bib6]. [Fig. 3](#fig3){ref-type="fig"} shows the structure device.Fig. 2Summary of simulation parameters for PC1Dmod Model.Fig. 2Fig. 3Structure of device used.Fig. 3

4. Results and discussion {#sec4}
=========================

4.1. Reflectance {#sec4.1}
----------------

[Fig. 4](#fig4){ref-type="fig"} shows variation of reflectance as a function of wavelength for silicon coated with double layer ARC of Si~3~N~4~. In this work anti-reflection coating has been designed to hold minimum reflection for the incident wavelength of 600 nm.Fig. 4Reflectance spectra as a function of wavelength for various angles of incidence. Solid lined for numerically calculated (using TMM) and line plus symbol obtained from PC1D.Fig. 4

Reflectances for air/Si~3~N~4~/Si~3~N~4~/Si at incident angles $0^{o},15^{o},\ 30^{o},\ 45^{o},\ and\ 60^{o}$ have been calculated numerically using TMM (equations [4](#fd4){ref-type="disp-formula"}--8). From plot (solid lines) one can observe that the reflectivity increases with increase in angle of incidence. For incident angle ranges from $0^{o}\ to\ 45^{o}$, the variation in reflectance is less but at 60^o^ there is significant increase in the reflectance especially at larger wavelength range. Furthermore, the reflectances calculated above using TMM have been used in the PC1D simulator to study the effect of angle of incidence on the performance of the silicon solar cell. [Fig. 4](#fig4){ref-type="fig"} show good agreement between the numerically calculated reflectance (solid lines) and that obtained from PC1D (line plus symbol curve).

4.2. External quantum efficiency (EQE) {#sec4.2}
--------------------------------------

The quantum efficiency of a solar cell is an important factor that relates optical parameter (reflectance) to electrical parameters (short circuit current and conversion efficiency) [@bib14].

Quantum efficiency of a cell is the ratio of the number of carriers collected by the solar cell to the number of photons of a given energy incident on it. Thus the performance of a solar cell can be analyzed in terms of reflectance and EQE (i.e. if the reflectance is zero then EQE is 100%). EQE curves as a function of wavelength at angle of incident ranging from $0^{o}\ to\ 60^{o}$ for a solar cell are shown in [Fig. 5](#fig5){ref-type="fig"}. Plot shows EQE decreases with increase in the angle of incidence. In small window of [Fig. 5](#fig5){ref-type="fig"} one can observe EQE decreases significantly at larger angle (60^o^) especially at longer wavelength.Fig. 5Variation of external quantum efficiency as a function of wavelength at different angles of incidence.Fig. 5

4.3. Electrical parameter {#sec4.3}
-------------------------

As a result of improvement in the optical parameters (i.e. reflectance & quantum efficiency), a good improvement is expected in the electrical parameters of the solar cell. As was expected from the analysis of reflectance and EQE that the short circuit current as well as conversion efficiency of solar cell will decrease with increase in angle of incidence of light. The I--V characteristic curves of the silicon solar cell at various angles of incidence are presented in [Fig. 6](#fig6){ref-type="fig"}, which shows that the change in the angle of incidence light changes the short circuit current due to effective photons absorption of incident light. [Fig. 7](#fig7){ref-type="fig"} show the variation in efficiency of solar cell from 0^o^ to 45^o^ is very small (i.e. from 21.02% to 20.96%), but beyond 45^o^ there is an abrupt change in the efficiency of solar cell. Simulation shows the short circuit current decreases from 3.909 to 3.847 mA/cm^2^ whereas conversion efficiency of solar cell from 21.02 to 20.66% with increase in incidence angle from 0^o^ to 60^o^ respectively.Fig. 6Current -- voltage characteristics of silicon solar cell at various angles of incidence.Fig. 6Fig. 7Variation of conversion efficiency of silicon solar cell as a function of angle of incidence of sunlight.Fig. 7

5. Conclusion {#sec5}
=============

In present work, the effect of angle of incidence of sunlight on the performance of silicon solar was investigated. Results show that the conversion efficiency of silicon solar cell is almost constant for angle of incidence ranges from 0^o^ to 45^o^ and is decreased by 1.7% at angle of incidence 60^o^ with respect to 0^o^. So, it is concluded that the best performance of solar cell can be achieved between -45^o^ to +45^o^ angle of incidence of sunlight.
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